More stringent arsenic regulations are requiring water utilities of all sizes to install treatment systems on wells which historically only had chlorination. A case study is presented for evaluating arsenic adsorption media at a well site in Mesa, Arizona, but the approach and methodological conclusions are transferable to any arsenic treatment system. The goal of this project is to develop a comprehensive, cost-effective and rapid approach for selecting arsenic adsorptive media. Batch laboratory tests, labscale continuous flow column tests and pilot-scale tests were conducted to evaluate removal efficiency, robustness, operational benefits and cost effectiveness of eight different commercially available adsorbents. Batch tests conducted at multiple pH levels provided limited benefit when compared against continuous flow rapid small-scale column tests (RSSCTs) to evaluate arsenic removal capability by different media. Breakthrough curves of arsenic, vanadium, silica and other trace metals corresponded well between lab-scale RSSCT and field-based pilot scale, suggesting that RSSCTs offer a timesaving approach for adsorptive media selection. Leaching tests on spent media verified that media could be safely disposed and high-resolution microscopic analysis indicated that calcium and silica accumulate on media surfaces and affect the longevity of arsenic removal systems.
Introduction
Arsenic is ubiquitous in the aquatic environment, in both organic (dimethylarsinate) and inorganic (arsenite, arsenate) forms (Smedley and Kinniburgh 2002) . Weathering and dissolution of arsenic-bearing minerals, rocks and ores are the primary sources of arsenic release in groundwater, although anthropogenic sources (e.g., pesticides) can occur. The chemistry and speciation of dissolved arsenic depends on the pH and redox (e.g., Eh) of the water body. Arsenate (H3AsO4, H2AsO4 -, HAsO4 2-or AsO4 3-) is the dominant form in oxygenated water and is present in anionic forms over the pH range of 5 to 12. Arsenite (H3AsO3, H2AsO3 -and HAsO3 2-) occurs in a low redox condition. Arsenic is classified as a Class A human carcinogen because of carcinogenic (prone to cancer of bladder, lungs, skin, kidney, liver and prostate) and non-carcinogenic (harmful to neurological and cardiovascular systems) health problems (NRC 1999 (NRC , 2002 .
With recommendations from the National Research Council (NRC), the U.S. EPA lowered the maximum contaminant level (MCL) for arsenic in drinking water from 50 to 10 µg/L in 2001, which will be enforced in 2006. According to this regulation, all community water systems (CWS) and non-transient non-community water systems (NTNCWS) must comply with the new arsenic MCL. CWS are public water systems with more than 15 service connections used by year-round residents or more than 25 year-round residents. NTNCWS are public water systems with more than 15 service connections used by the same persons for at least 6 months per year or more than 25 persons for at least 6 months per year. The new more stringent arsenic regulatory level has increased arsenic treatment needs especially in small and rural groundwater treatment systems, which commonly have minimum treatment facilities other than disinfection.
Arizona is strongly impacted by the new arsenic regulation. According to the Arizona Department of Environmental Quality (ADEQ), about 60% of the smallsized systems (i.e., 25-500 connections), about 30% of medium-sized systems (i.e., 501-3300 connections) and about 10% of the large-sized systems (i.e., more than 3301 connections) are impacted by the new regulation. Other statistics provided by ADEQ suggest that the arsenic regulations impacted 793 point of entry systems (POEs). Sixty percent (473 POEs) of the systems serve fewer than 10,000 persons, and 29% (231 POEs) of the systems serve less than 500 persons. These values are similar in magnitude with levels reported in an arsenic occurrence survey of Arizona water supply systems conducted by the United States Geological Survey (Focazio et al. 2000) . To address arsenic treatment needs, this paper describes the process and results for strategies of selecting appropriate arsenic removal technologies, with a specific case study for the City of Mesa, Arizona.
Arsenic mitigation strategies can include: (1) changing source waters, (2) blending of multiple water sources, (3) physically changing well pumping conditions to produce lower arsenic levels, and (4) constructing centralized or individual well head treatment systems. Many small utilities do not have the flexibility of switching production to another location or convenient blending options without any treatment prior to distribution. Therefore, most of the water utilities are obligated to implement well head treatment-based mitigation options. The suite of arsenic treatment technologies includes iron or alum coagulation and filtration, adsorption, ferrous iron oxidation systems, and lime softening, but site-specific water quality factors often necessitate site-specific evaluations Cheng et al. 1994; Hering et al. 1997; Edwards 1995, 1997; Scott et al. 1995) . For small community systems, nanofiltration or reverse osmosis, electro-dialysis reversal, activated alumina (AA) with on-site regeneration, and ion exchange (with and without brine recycle) have serious issues associated with water loss, brine disposal issues and hazardous waste considerations. Coagulation with microfiltration has a limited application due to its high cost and level of complexity. This study focuses primarily on individual well head arsenic treatment by packed bed adsorption systems that have reduced chemical handling, waste production, or operational requirements.
Nanostructured porous or nonporous adsorbents have been rapidly developed for arsenic removal in recent years for drinking water systems. Iron-based adsorbents, e.g., granular ferric hydroxides (GFH), Bayoxide Sorb33 (E33), zero-valent iron (ZVI), sulfur-modified iron (SMI), iron modified activated alumina (FS-50), modified zeolite (Z33), iron-oxide impregnated activated carbon, titanium dioxide based adsorbents (MetsorbG), activated alumina (AA), and magnesium impregnated activated alumina have been investigated for arsenic removal efficiency (Badruzzaman 2002; Badruzzaman et al. 2004; Driehaus et al. 1998; Melitas et al. 2002; Meng et al. 2003 Meng et al. , 2002 Mortazavi et al. 1999; Peleanu et al. 2002; Westerhoff et al. 2005) . While pilot testing of these materials can provide detailed operation and performance information, such studies are time consuming (6 to 18 months) and costly to construct and operate. The advantages of continuous flow laboratory column experiments (e.g., rapid small-scale column tests) compared to pilot tests include: tests can be conducted in a fraction of time (i.e., weeks whereas pilot testing requires months), with a fraction of mass (i.e., grams whereas pilot testing requires kilograms) and using a fraction of water (i.e., gallons whereas pilot testing requires hundreds of gallons of water). In addition, any given municipality may have multiple wells requiring arsenic treatment. Thus, in order to verify vendor claims regarding arsenic removal performance, it is necessary to develop appropriate bench-scale tests to compare media and water sources.
This paper presents a case study in evaluating adsorption media for removing arsenic from groundwater in Mesa, Arizona, but the approach and methodological conclusions are transferable to any arsenic treatment system. The goal of this project is to develop a comprehensive, cost-effective and rapid approach for selecting arsenic adsorptive media. The specific objectives of this study are: (1) to evaluate arsenic removal efficiency using batch experiment, rapid small-scale column tests (RSSCTs) and pilot tests, (2) to determine the applicability of batch test and RSSCTs to simulate the pilot/fullscale performance, (3) to understand the impacts of competing ions (i.e., silica and vanadium) and operational parameters (i.e., EBCT), and (4) to determine arsenic leachability of the exhausted adsorbents.
Methods and Experiments

Adsorbent Media
This study evaluated eight different adsorbents (Table 1) . Most are considered nanostructured media with high internal porosity and surface area. Zero-valent iron, Z33, and SMI are less porous and rely upon external surfaces for arsenic adsorption, or rely upon reactive surfaces (iron dissolution and reprecipitation) for arsenic removal. Media was used as received.
Water Samples
The primary purpose of this study was to select the best available arsenic adsorptive media for 14 well sites with an average arsenic concentration more than 10 µg/L belonging to the City of Mesa, Arizona. The City and this study focused on arsenic removal at Falcon Field Well #4 (FF#4), since this well has an arsenic concentration of 34 µg/L, which is the highest level of arsenic out of 14 wells. Detailed water quality parameters are presented in Table 2 . This water has an ambient pH of 7.8, a high amount of silica (39 mg/L) and detectable vanadium (14 µg/L). Based upon field speciation (Edwards et al. 1998) , all the arsenic is present as arsenate [As(V)]. Water collected from the well FF#4 site was transported to the Arizona State University (ASU) lab to conduct batch and RSSCTs experiments. Pilot columns were operated at the well site.
Experiments
Batch experiments. Batch experiments were conducted (250-mL glass bottles) using a range of adsorbent dosages (6.3, 8.3, 12.5, 16.6, 25, 33 mg/L) with FF#4
water. The range of adsorbent dosages was selected to develop isotherms and to differentiate arsenic removal capability among adsorbents with very different adsorption capacities. To achieve equilibrium, samples were agitated for 7 d, then filtered (Whatman glass fiber 0.7 µm) to remove the adsorbent. Samples were acidified with ultra-high purity nitric acid. Approximately 15% of the experiments were conducted in duplicate.
RSSCT experiments. Laboratory columns were sized using proportional diffusivity assumptions as described by Westerhoff et al. (2005) , following similar methodologies developed for other nanostructured materials (Crittenden et al. 1986 (Crittenden et al. , 1987 (Crittenden et al. , 1991 . Empty bed contact time (EBCT), media diameter (dp), run duration (t), loading rate (V), Reynolds number (Re), Schmidt number (Sc), liquid density (ρL) and viscosity (µ) are related together according to the following equations:
To ensure mechanical dispersion, the magnitude of the product of Reynolds (Re) and Schmidt (Sc) numbers can vary from 200 to 200,000. To minimize axial dispersion in the minicolumns, this study assumes the magnitude of the product of Reynolds and Schmidt numbers for PD designed RSSCT as 2000. In the above equations the subscript "SC" indicates small column (i.e., RSSCT column) and "LC" indicates large column (i.e., pilot column). RSSCT operational parameters are summarized in Table 3 .
Laboratory columns consisted of 1.5-cm (Spectrum Chromatography, Houston, Texas) or 1.1-cm (Ace Glass, Vineland, N.J.) diameter glass columns approximately 30.5 cm in length with Teflon end caps. Teflon tubing (3.2 mm) was used. Piston pumps (QG150) with stainless steel heads (Q2CSC) were used (Fluid Metering Inc., Syosset, N.Y.). Feed water was pumped from large volume Nalgene storage containers. Glass wool was packed on the top (to distribute water uniformly) and the bottom (to support the media) of the column, and 5-mm diameter borosilicate glass beads (VWR) were placed on top of the glass wool to disperse the raw water flow. Media was crushed and sieved prior to use in RSSCTs. All RSSCTs contained equivalent adsorbent volumes (i.e., equivalent bed depths after compaction); adsorbent masses required to achieve this volume were carefully weighted out and recorded. Columns were backwashed to remove fines, by operating the column in up-flow mode with distilled water until the treated water ran clear. The typical backwashing flow rate for the RSSCT columns was in the 10 to 20 mL/min range and resulted in bed expansion of approximately 40 to 60%.
Pilot testing. E33, GFH and Z33 media were pilot tested. The media were tested in parallel 8-inch diameter resulting in a 2-gpm flow rate. Later in the project an iron-modified ion exchange resin was pilot tested and evaluated using an RSSCT. Water temperatures of the pilot column raw water were very similar to the RSSCTs. Routine maintenance during pilot testing, conducted by City of Mesa personnel, included documenting flow rates, total flows and the pressure differential between raw water and treated water gauges. Manufacturer-specified backwashing was conducted based on specific pressure differentials-5 psi for GFH and 6 to 8 psi for E33. During this pilot test, the GFH column required backwashing on an average of every 3 weeks due to pressure differentials of more than 5 psi, while E33 did not require backwashing until after 35,000 BVs of treatment (e.g., 17 weeks).
Minicolumn test.
A minicolumn test packed with SMI was conducted to assess iron leaching. Due in part to logistical issues, ASU tap water (City of Tempe, Arizona) was used as feed water. The feed water was dechlorinated by adding reagent-grade ammonium chloride (GR Ultrex II, JT Baker, Phillipsburg, N.J.) and then spiked with 25 µg/L of As(V) prepared from Na2HAsO4.7H2O (Sigma, St. Louis, Mo.). The pH and conductivity of the feed water was 7.12 and 1600 µS/cm. Prior to the experiment the media was conditioned for 24 h as suggested by the manufacturer (SMI) with a loading rate of 20 gpm/ft 2 . The column was operated in up-flow mode. Operational parameters and dimensions of manufacturer proposed pilot column and experimented minicolumn are reported in Table 4 . Filtered (0.4-µm filter, Whatman) and unfiltered samples of the treated water were preserved for iron and arsenic analyses.
Arsenic and Other Analysis
All samples collected for arsenic analysis were preserved using nitric acid (JT Baker ultra pure reagent grade Ultrex II Nitric, Phillipsburg, N.J.) and analyzed with the City of Mesa ICP/MS (Agilent 7500a with a CETAC ASX 510 autosampler) utilizing EPA method 200.8. The MDL for arsenic was 0.11 and for vanadium was 0.13 ppb (µg/L). In this study, isoelectric points (pHzpc) were measured using ZetaPals (Brookhaven, N.Y.); media were placed in a KCl electrolyte and the pH adjusted using HCl or NaOH.
Microscopic Evaluation
Surface images were captured for virgin and used adsorbents using a scanning electron microscope (SEM, JSM-JEOL840). Energy dispersive x-ray (EDX) was employed to determine the surface composition of E33, GFH, MetaSorb-G and Z33 before and after exhaustion. The SEM provides elemental information from the surface down to a depth of about 5 microns. Samples other than Z33 were coated with gold and palladium with a thickness of 4 nm.
Results and Discussion
Evaluation of Adsorbents in Batch Experiment
Batch experiments were conducted for each of the eight adsorption media with groundwater from FF#4 at three different pH values (6.5, 7.0, ambient pH of 7.8). Equal amounts of "as received" adsorbents were equilibrated with bulk solution for 7 d. In general, the percentage arsenic removal increases as the pH of the groundwater was lowered. Higher arsenic removal occurs at increasing adsorbent dosages. Figure 1 summarizes the percentage of arsenic removed for the highest "as received" adsorbents. Both ZVI and ZVI with sand removed arsenic by 50% to nearly 100%. The mechanism of ZVI for arsenic removal may involve sequential iron dissolution from ZVI, followed by arsenic coprecipitation or adsorption with iron onto both sand and ZVI surfaces. Thus this system potentially provides a source of iron release and visual observation also confirmed the presence of particulate and soluble iron in the supernatant water. Addition of sand (33 mg/L of sand) with ZVI slightly improved arsenic removal, but only at the lower pH. Clean sand alone did not remove arsenic, but in the presence of ZVI may have allowed for more surface area for iron precipitation. SMI, which is basically a sulfur-modified ZVI, performed similar to ZVI at lower pH levels, but better at ambient pH. The mechanism for arsenic removal associated with SMI may involve iron-sulfur minerals, e.g., green iron rust Fe II 4Fe III 2(OH)12SO4⋅yH2O present on the SMI surface adsorbs arsenate or may reduce As(V) to As(III) first and then sulfur of the surface could lead to precipitation of low soluble orpiment minerals (As2O3). Similar to ZVI, release of iron was also observed from SMI batch experiments. E33 and GFH are both ironbased media, but E33 performed slightly better than GFH (Fig. 1) . Neither E33 nor GFH had apparent iron release issues from the media. AA and FS-50 (i.e., ironmodified AA) are basically alumina-based media, but FS-50 performed slightly better than AA at all pH levels which could be due to presence of iron on FS-50 surfaces. Z-33, an iron-doped zeolite, provided the lowest arsenic removal and pH adjustment had minimum impact. Overall, it was decided that pH depression using acids would require more chemical handling at the well sites and the City of Mesa desired to avoid chemical handling if possible; therefore, all future work was conducted with ambient pH water (7.8).
Evaluation of Iron Release from SMI Packed Bed
Figure 2 depicts arsenic and iron concentrations in the treated water of the SMI minicolumn test. The primary objective of this test was to monitor iron release of SMI, so the column was operated only up to 2000 bed volumes (BVs). The average iron content of the feed water was about 0.02 mg/L. Both filtered and unfiltered samples contained significantly higher amounts of iron than the feed water, which concludes the release of iron from the SMI surface (Fig. 2) . For up to 2000 bed volumes of treated water, the results show that non-filtered samples contained more iron (i.e., 1-3 mg/L of Fe) than filtered samples (0.2-0.5 mg/L of Fe), suggesting the release of particulate and colloidal iron from the media. The iron content of the unfiltered samples increased with the duration of the test, indicating that iron dissolution from the surface is a continuous process. Figure 2 also shows that the unfiltered SMI treated water samples contained higher arsenic levels than the companion filtered treated water sample, suggesting that particulate iron had adsorbed a fraction of arsenic. The release of iron, and potentially colloidal-bound arsenic, was viewed to be detrimental towards the water distribution system operation, so further investigation of SMI or similar ZVI media was discontinued.
Evaluation of Adsorbents in Rapid Small-Scale Column Tests
A proportional diffusivity based RSSCT approach was employed to capture adsorption capacity and kinetics of ) and iron (open symbols) from SMI column (water source: tap water spiked with 25 µg/L of As(V), pH 7.12, mode of operation: upflow, media conditioned: 24 h, simulated loading rate: 6 gpm/ft different adsorbents in a dynamic system. Figure 3 shows side-by-side comparison of breakthrough curves with E33, FS-50, GFH, MetsorbG and Z33. Breakthrough curves of columns were generated using RSSCTs. MetsorbG, a titanium-based adsorbent, was not available during batch experiments but incorporated in the RSSCTs study. Figure 3 suggests that media performance varied, with E33 performing the best, followed by GFH, MetsorbG, Z33 and FS-50. E33 was operated for nearly 34,000 bed volumes when the test was completed and treated water arsenic concentrations remained below 0.5 µg/L. The GFH column showed earlier arsenic breakthrough than the E33 column and reached a treated water concentration of 10 µg/L at about 30,000 bed volumes. A duplicate RSSCT was also conducted with different meshsized GFH (i.e., 140 × 170) to verify the results; a comparable arsenic breakthrough curve was obtained (Fig. 3) . This was one of the few waters in Arizona where GFH and E33 performance differed by more than 10%, and the results were unexpected. However, pilot testing confirmed the results (see below) and supports the use of RSSCTs.
Column adsorption capacities (qcolumn) were calculated; where qcolumn is defined by the area above the breakthrough curve up to a treated water arsenic concentration of 10 µg/L per unit mass of adsorbent (see values in Table 3 ). Arsenic adsorption capacity of the E33 column (0.7 µg As/mg dry E33) was ~60% greater than the GFH column adsorption capacity (0.4 µg As/mg dry GFH). The MetsorbG column reached a treated water concentration of 10 µg/L at about 16,000 bed volumes. Arsenic adsorption capacity of the MetsorbG column (0.2 µg As/mg dry MetsorbG) was ~50% of the GFH column adsorption capacity. The FS-50 column exceeded an arsenic concentration of 10 µg/L at about 7000 bed volumes and the treated water from the Z33 column reached about 10 µg/L at about 9600 bed volumes. Arsenic adsorption capacity of the Z33 column was calculated as 0.056 µg As/mg dry Z33, and that was an order magnitude lower than GFH and E33, but slightly more than FS-50 column adsorption capacity of 0.04 µg As/mg dry FS-50. The column adsorption capacities (qcolumn) were calculated on a dry mass basis and the moisture content of the adsorbents follow the trend from lowest to highest of Z33, FS50, MetsorbG, GFH and E33.
Breakthrough profiles of trace metals other than arsenic were also monitored in the treated water of RSSCTs. All iron-based media (i.e., E33, FS50 and GFH) adsorbed a significant amount of vanadium. However, GFH removed more bed volumes of vanadium than E33. GFH also removed small amounts of other metals, e.g., chromium (Cr), zinc (Zn) and barium (Ba). A small amount of aluminum release was also observed in the treated water of both Z33 and FS-50 columns. Silica content was not measured in the treated water of the RSSCTs.
Evaluation of Adsorbents in Pilot Tests
Media were selected for pilot testing based upon the following criteria: (1) NSF approval status, (2) results of the bench testing, (3) capital cost projections, (4) O&M cost projections, and (5) potential operational issues (e.g., iron release or pH adjustment requirements). Initially, three media were pilot tested and then others added as vendors developed the media. Figure 4 illustrates the breakthrough curves for arsenic with E33, GFH and Z33. Treated water from Z33 column reached 10 µg/L at approximately 2000 bed volumes, followed by the GFH column at about 19,000 bed volumes and from E33 column about at 55,000 bed volumes. The arsenic breakthrough patterns were very similar to pilot testing compared to RSSCTs. Arsenic adsorption capacity of the E33 column (0.59 µg As/mg dry E33) was significantly more than the GFH column adsorption capacity (0.2 µg As/mg dry GFH), and supported the performance trend observed using RSSCTs. Arsenic adsorption capacity of the Z33 column was calculated (0.016 µg As/mg dry Z33) and was an order of magnitude lower than iron-based media.
In GFH and E33 pilot columns, sample ports were installed along the depth of the media bed to track the mass transfer pattern of arsenic. Sampling ports were placed at the top (i.e., after 22 s EBCT), middle (i.e., after 2.7 min EBCT) and at the bottom (i.e., after 3.7 min EBCT) of the pilot columns. Raw (i.e., after 0 min EBCT) and treated water (i.e., after 5.0 min EBCT) arsenic concentration profiles were compared with those of the intermediate ports for E33 in Fig. 5 . The pattern of breakthrough profiles of arsenic for middle, bottom and treated water ports are very similar, whereas the arsenic breakthrough profile in the top port is significantly steeper than others, which is very likely attributed to short circuiting. Arsenic concentrations of 10 µg/L were detected in the top, middle, bottom and treated water ports after 6000, 32,000, 45,000 and 55,000 bed volumes, respectively. This observation suggests that a certain contact time (i.e., EBCT), which in this case is about 2.5 min, is required to achieve a constant arsenic breakthrough pattern of the mass transfer zone (MTZ). The MTZ is defined as the region of the adsorbent bed where the fraction of arsenic (C/C0) is between 0.05 and 0.95 (i.e., active arsenic adsorption is occurring). The "breakthrough front" defined by this MTZ moves downward through the packed bed without changing shape. Backwashing can disrupt the shape of the MTZ, unless gradation of adsorbent particle sizes occurs after backwashing that is similar to the location of adsorbent particles before backwashing. The MTZ pattern was less defined in the GFH column than the E33, as GFH was backwashed more frequently than E33. Grain size distributions of virgin and used GFH and E33 suggest that the average particle size (d50) of GFH was reduced about 20% at the end of operation, whereas the average particle size (d50) of E33 was unchanged.
Individual column port data also provided the opportunity to evaluate the efficiency of treatment configurations (e.g., parallel versus series operations). At 55,000 bed volumes the treated water of the column reached the MCL of 10 µg/L (i.e., 33% of raw water of 33 µg/L), but after the same amount of water treatment the arsenic concentration from the middle port reached only 20 µg/L (i.e., 66% of raw water of 33 µg/L), and the bottom port reached only 14 µg/L (i.e., 50% of raw water of 33 µg/L) (Fig. 5) . If the operation of the column is stopped when the treated water concentration is 10 µg/L, about 30 to 50% of the media would be unused or partially used depending on the depth of the column. Therefore, the operation of columns in a series configuration would be beneficial to use up the unused/partially spent media in the first column. However, this study also identified that if two columns are connected in series, the first column will remove arsenic, but the second column would be fouled (i.e., preloading) with silica and competing constituents present in the raw water. Therefore, the authors hypothesize that delayed connection of the second column might reduce fouling of the second column with silica, and recommend that connection of the second column occur when the treated water of the first column reaches about 5 µg/L.
Incorporating sampling ports in the columns helped not only to understand the mass transfer pattern but also the effect of EBCT. For example, arsenic concentrations from the middle port of the column (i.e., 2.5 min EBCT) reached 10 µg/L at about 32,000 bed volumes, whereas treated water (i.e., 5.0 min EBCT) reached 10 µg/L at about 56,000 bed volumes (Fig. 5) , equating 10 to 15% more water treatability with lower EBCT. The authors theorize that improved arsenic removal can be gained with shorter EBCT, because competing constituents (e.g., vanadium) migrate through the media faster than arsenic, and with longer EBCT there is a longer exposure to competing constituents and therefore less treatability than at shorter EBCTs (Lee et al. 2004 ). Alternatively, the second column in series could remain off-line and only used in "lag" mode configuration once arsenic begins to break through the first column; thus silica, vanadium and other anions would not foul or preload the second column while the "lead" column removed all the arsenic. Other RSSCT studies conducted for side-byside comparison of EBCTs for E33 suggested that two EBCTs (2.5 min versus 5 min) generate almost identical results. The effect of EBCTs should be evaluated by individual water type to determine if there is a benefit to shorter EBCTs. If favorable, shorter EBCTs could result in design of smaller or fewer vessels, reducing capital cost; however, operation and maintenance costs would be increased through increased media change-outs. As stated above, the ideal solution may be to incorporate the two concepts presented herein-design of a series system with a 2.5-min EBCT per vessel, hooking up the lag vessel after the first column reaches 5 µg/L.
While arsenic removal was the critical issue of the pilot testing, the breakthrough profiles of other major anions (i.e., silica, vanadium, phosphate) and trace cations (Ba, Zn, Ca, Mg, Al, Fe, etc.) were also observed. The breakthrough curves of silica and vanadium for GFH and E33 are shown in Fig. 6 . The treated water of the GFH column reached near raw water silica concentrations of 33 mg/L after 4000 bed volumes and the treated water of the E33 column reached raw water silica concentrations of 39 mg/L after only 2000 bed volumes. This equates to about two times more silica adsorption on the GFH surface. Figure 6 also shows that after 45,000 bed volumes the vanadium concentration from the E33 column was about 4 µg/L (i.e., 26% of the raw water concentration of 15 µg/L), and the GFH column was about 10 µg/L (i.e., 66% of the raw water concentration of 15 µg/L), indicating there was more vanadium removal in the GFH column. Silica and vanadium removal trends for GFH and E33 in this study are very similar to other studies . The authors hypothesize that vanadium competes directly for potential arsenic adsorption sites. In contrast, silica binds to the surface of iron hydroxides, decreases the surface charge (more negative surface charge), and leads to electrostatic repulsion of anionic arsenate (Holm 2002; Meng et al. 2000) . Therefore, measurement of silica and vanadium are important in raw water and during operation in the treated water to understand and predict media performance.
The main effort of this pilot study was to evaluate arsenic removal; however, it was also important to identify and evaluate any resultant adverse impacts from arsenic treatment. Heterotrophic plate count (HPC) monitoring results served as an indicator of microbial contamination and was monitored in both raw water and treated water. The pilot system was out of operation for approximately 90 d after 3000 bed volumes of run time as a result of the failure of the pump motor. Up to 3000 bed volumes of run time, the HPC values were below 500 cfu. The HPC levels in both the treated and raw water increased to too numerous to count (TNTC) after the well was restarted. The raw water values dropped shortly after start-up, but the treated water for the iron-based media continued to have relatively high HPC spikes. While HPCs themselves do not necessarily present health concern, there is a potential that iron bacteria may become problematic and biofilms may develop in associated distribution systems if the water is not chlorinated. Chlorination should be employed prior to treatment especially with intermittently operated wells. Additionally, if iron-based adsorption treatment systems are not operated for any length of time (i.e., one week) a chlorinated rinsing procedure should be performed to limit the growth of HPCs in the media.
Forensic Analysis of Spent Media
Spent E33, GFH and Z33 from the pilot columns were digested or leached, and analyzed for metals in a commercial laboratory (California Laboratory Services, Ca.). A summary of the analytical results are in Table 5 . The total amount of arsenic extracted from Z33, GFH and E33 was about 65, 240 and 660 mg/kg, respectively. Column adsorption density calculated from the breakthrough curves were 16, 200 and 600 mg/kg for Z33, GFH and E33, respectively (Table 3) . Therefore, the data confirms that the amount of arsenic adsorbed and the amount extracted are in similar magnitude. Chromium, barium, copper, vanadium, zinc and other metals were extracted from Z33 and E33 media, but not GFH. Vanadium was extracted from E33 but not GFH, suggesting very strong vanadium binding with GFH. Toxicity characteristics leaching procedure (TCLP) data for metals, presented in Table 5 , indicate that all media leached significantly less arsenic than the hazardous waste disposal regulation of 5.0 mg/L. Surface images were captured for virgin and used E33, GFH, MetsorbG and Z33 using scanning electron microscope (SEM, JSM-JEOL840). Energy dispersive x-ray (EDX) was employed to determine the surface composition before and after exhaustion. SEM micrographs show very rough and porous surface of used and virgin adsorbents. No noticeable change in surface texture was observed in used samples of pilot and minicolumns. Four different samples at four different depths into the pilot column were analyzed (for E33, GFH and Z33) and in addition media from the top part of the RSSCT for MetsorbG was characterized. Spent media collected throughout the adsorption media packed bed gave uniform results. Figure 7 shows a typical energy micrograph obtained from virgin and used E33 and GFH using EDX. Table 6 summarizes the average percent atomic weight distribution of major elements observed in the surfaces. Virgin E33 and GFH are mostly iron-based media, but virgin GFH contains a small amount of chloride (0.43%) because of the manufacturing process. Two different forms of iron hydroxides (i.e., α-Fe [eV = 6.4] and β-Fe [eV = 7.2]) were noticed in both the virgin and exhausted surfaces. Virgin Z33 media contains iron (11%), aluminum (12%), silica (71%) and some calcium (1%). The iron signal for Z33 is similar to GFH and E33 iron signals. Virgin MetsorbG is manufactured with sulfur (8.41%) and titanium (91.59%). The relative abundance of Si and Ca could be visualized by comparing the height of Si or Ca peaks to the height of the Au peak (part of the gold/palladium coating which is consistent in thickness). The Si peak was always greater than the Au peak for GFH but less for E33 (Fig. 7) . Therefore, it can be concluded that less Si and Ca was present on the spent E33 compared against the used GFH. Surface composition analysis of the spent media from the RSSCTs were similar to pilot-scale spent media, suggesting that the RSSCTs adequately mimicked the media fouling and surface chemistry present in the pilot-scale system.
Si and Ca were also detected in significant amounts on the MetsorbG surface. Relative silica and calcium (i.e., Si:Ca) adsorption in spent media follows a trend of GFH (4.0:1) > E33 (3:1) > MetsorbG (1:1) (Table 6 ). For the used E33 and GFH samples, x-ray photoelectron spectroscopy (XPS) analysis was also conducted, and the results verified the presence of calcium and both monoand poly-meric silicate on the surface. Used Z33 media contained significant amounts of sulfur (S). Sulfur is probably associated with calcium or aluminum on the surface. Potassium is also present in most used Z33 samples.
Implications
Batch Experiment as a Tool to Evaluate Adsorbents
Batch experiments conducted for this study only provided the amount of arsenic removed for a certain con- tact time, but did not capture the effects of adsorption kinetics or competitive sorption/preloading, which is very critical for a dynamic system. Therefore, the interpretation of batch experimental data might not simulate the performance of a real system. For example, it would appear that GFH and activated alumina (AA) had similar capability (i.e., 20% difference) to remove arsenic (Fig. 1) . But, in a continuous flow packed bed system GFH selectively removes arsenic whereas AA adsorbs other anions (e.g., fluoride). In a dynamic packed bed column system (Fig. 3) , it has been proven that FS-50, a modified activated alumina, has 2 to 3 times less arsenic treatability than GFH Clifford and Manxue 2001) . While ZVI and SMI removed more arsenic than any other adsorbent in the batch experiment, several studies including the current one documented that iron leaching from the surface limited the application of those adsorbents (Melitas et al. 2002; Bang et al. 2005) . Therefore, the authors are inclined to conclude that batch experiments yielded limited useful information on comparison of the adsorbents and the magnitude of competitive effects. Batch experi- ments should therefore not be used to select media. Packed bed column experiments generating the breakthrough curves or the operation lifetime of the adsorbents are very critical and are recommended for media selection and system design.
Evaluation of RSSCTs and Pilot Results
Both constant diffusivity (CD) and proportional diffusivity (PD) based RSSCTs have been used for decades to simulate the performance of pilot columns using RSSCTs for organics adsorption onto granular activated carbon (GAC) (Crittenden et al. 1986 (Crittenden et al. , 1991 Crozes et al. 1999; Cummings and Summers 1994; Knappe et al. 1997) . But constant diffusivity-based RSSCTs, which could be conducted at least ten times faster than PD-based RSSCTs, were not successful in simulating pilot column performance for arsenic adsorption onto GFH and E33 . The relationship between particle size and surface diffusivity estimated by homogeneous surface diffusion model (HSDM) provides a fundamental basis for the applicability of PD-RSSCTs (Badruzzaman et al. 2004) . Therefore, the authors used proportional diffusivity-based RSSCTs in this study. In this study, two RSSCTs with GFH were conducted and were designed with different mesh sizes, different operational conditions such as flow rate, but resulted in very similar arsenic breakthrough profiles (Fig. 3) . This observation also reinforces that the PD-RSSCT scaling approach, which is fundamentally based upon a linear relationship between particle size and diffusivity, is accurate.
Comparison of breakthrough curves for RSSCTs (Fig. 2 ) and pilot systems (Fig. 4) suggests that the shape of the breakthrough curves generated from RSSCTs and pilot columns are almost identical. In this study GFH and Z33 columns reached treated water concentrations of 10 µg/L in pilot systems about 30 to 50% earlier than in RSSCTs. Previous study with E33 and GFH and ongoing studies with other porous adsorbents showed that RSSCTs simulated the pilot column breakthrough curves with about ±20% accuracy Westerhoff et al. 2005) . The higher disparities between pilot and RSSCTs in the current study are due to the fact that: (1) average raw water concentration in the RSSCTs (i.e., 25 µg/L) was 20% lower than that of pilot columns (i.e., 33 µg/L), and (2) loading rate of pilot column compared to design RSSCTs was slightly different from the actual loading rate. Overall, RSSCT showed the similar sequence of breakthrough curves for E33, GFH and Z33 to that of pilot columns.
Many water systems use wells in cyclical on-off patterns to meet water demand. This typical cyclical operation is usually not tested during pilot-scale or RSSCTs. Since the adsorption of arsenic onto porous adsorbents in limited by intraparticle diffusion, during the off mode of operation arsenic migrates along the pores and improves the adsorption density of adsorbents. A study with GFH demonstrated that the added adsorption capacity gained through on-off operation would be on the order of 15% or more .
In this study, E33 showed about 50% more water treatability for arsenic than GFH, which is not consistent with findings by the authors in many other waters in Arizona. For example, on a different study at a five different well sites in Arizona, side-by-side comparisons of GFH and E33 indicated very similar performance. Figure 8 compares the performance of pilot columns to the corresponding PD-RSSCTs with E33 and GFH. At up to 30,000 BVs the breakthrough curve of RSSCTs was comparable with that of the pilot scale, but beyond 30,000 BVs RSSCT showed a steeper media utilization rate than pilot columns. Figure 8 also shows that E33 and GFH are very comparable in performance. Therefore, the relative performance of adsorbents is fairly specific to the ancillary water quality, and suggests comparative testing of media at wells with unique water quality is valuable in identifying the most appropriate media for each site.
Effects of Silica and Vanadium in Iron-Based Systems
Results from RSSCTs and pilot columns suggest that silica is adsorbed significantly onto E33 and GFH (Fig. 6) . Forensic evaluation of spent media, as discussed earlier, highlights that silica is the major fouling agent in the exhausted surface (Fig. 7) . Several batch and column studies have documented that silica reduces arsenic adsorption capacity of ferric oxides/hydroxides and activated alumina (Davis et al. 2002; Meng et al. 2000 Meng et al. , 2002 Swedlund and Webster 1999) . Several mechanisms have been documented to describe the role of silica in iron-silica and iron-arsenic-silica systems such as: Fig. 8 . Breakthrough curves E33 and GFH using RSSCT and pilot column with GFH. (water type: groundwater from the City of Phoenix, EBCT: 2.5 min, loading rate: 8 gpm/ft (a) adsorption of silica might change the surface properties of adsorbents by lowering the isoelectric point (pHzpc), (b) silica might compete for arsenic adsorption sites, (c) polymerization of silica might accelerate silica sorption and lower the available surface sites for arsenic adsorption, and (d) the chemical reaction of silica with divalent cations such as calcium, magnesium and barium might form precipitates (Davis et al. 2002; Meng et al. 2000 Meng et al. , 2002 Swedlund and Webster 1999) . However few studies have addressed the silica-arsenic interactions onto granulated porous commercially available ironbased sorbents such as E33 and GFH. The isoelectric point (pHzpc) of used E33 and GFH is between 5.5 to 6.0, which is about 3 pH units lower than that of virgin media. The variation of zeta potential with respect to pH is shown in Fig. 9 . Figure 9 suggests that E33 possesses a positive surface for the widest range of pH (i.e., pHzpc~8.5) followed by GFH (i.e., pHzpc ~8). But in the presence of 1 mM silica (i.e., 63 mg/L silica) the isoelectric point (pHzpc) decreases 2 pH units for E33 and 4 pH units for GFH. As silica breakthrough takes place within a few thousand bed volumes of runtime and arsenic in µg/L levels possesses an insignificant impact on the surface charge, the authors hypothesize that alteration of surface charge by changing the pHzpc is the primary mechanism of the effect of silica in arsenic adsorption onto iron-based sorbents.
Results from RSSCTs and pilot columns suggest that vanadium is adsorbed significantly onto E33 and GFH (Fig. 6 ). Figure 6 also shows that more vanadium is adsorbed in GFH than E33 and that observation is similar to other studies conducted by the authors . Vanadium extraction results presented in Table 5 illustrate that about 300 mg of vanadium per kg of E33 could be extractable from the E33 surface; whereas vanadium extraction from GFH was below the detection level suggesting vanadium might form inner-sphere complexes with GFH. Vanadium presents in the +3, +4 and +5 oxidation states under aqueous conditions, but only vanadium(V), the dominant species in the aqueous solution, has been reported to be adsorbed on the goethite (α-FeOOH) as the mononuclear VO2 + and VO3(OH) 2-ions (at low and high pH, respectively) and form inner-sphere complexes (Peacock and Sherman 2004) . Vanadate oxyanions [VO2 (OH) 2-and VO3(OH) 2-] are phosphate-like mononuclear ions, and adsorb more strongly onto iron sorbents than phosphate over most of the pH ranges (Blackmore et al. 1996; Peacock and Sherman 2004) . All of those studies support that vanadium should also be adsorbed onto E33 and GFH, but the effects and magnitude of vanadium adsorption onto arsenic removal by iron-based sorbents has not been studied previously. A few trends can be identified for vanadium competition for adsorption sites: (1) comparison of Fig. 4 and 6 demonstrates that the shape of breakthrough (i.e., initial lag zone, mass transfer zone and tail end) curves for vanadium are similar to that of arsenic; (2) more positively charged vanadium(V) was adsorbed onto the GFH column than the E33 column, as pHzpc was lower for GFH, whereas less arsenic was adsorbed on GFH compared to E33; and (3) as phosphate and vanadium(V) possess very similar structure and chemistry we hypothesize that vanadium competes for arsenic adsorption.
Economic Feasibility
Media replacement costs for full-scale considerations at FF#4 were developed based on historical well usage in 2000 and 2001. The calculations are based on a 5-min EBCT, 2400 gpm operating flow rate and 275.77 MG total annual flow. The volume of media is calculated as 12,000 gal or 1604.3 cubic feet. The media replacement cost and replacement frequency are presented in Table 7 . E33 costs are lowest at $0.37 per 1000 gal and would require media change-outs approximately every 28.6 months. Based on 2004 media pricing and that E33 had significantly longer BVs treated than GFH at FF#4, E33 will be sole-sourced initially. If other media are tested and have similar or better arsenic removal characteristics at a later date, competitive bidding will take place.
Conclusions
Unlike batch experiments, RSSCTs appear valid to simulate pilot-scale performance for arsenic adsorption onto porous adsorbents. As the regulatory deadline for arsenic treatment is approaching, RSSCTs could be utilized for selecting media for CWS and NTNCWS around the southwestern parts of the United States including Arizona, rather than pilot testing. At minimum, RSSCTs could be used to reduce the number of media to be pilot tested. Adsorptive packed bed systems can be designed optimally through detailed evaluation of the water quality characteristics and RSSCT or pilot testing results. Logistical sup-port for long-duration pilot tests could delay implementation of full-scale treatment systems design and construction required to meet the 2006 new U.S. EPA MCL of 10 µg/L. The application of RSSCTs can be extended to evaluate existing and emerging innovative porous sorbents; impact of water qualities (initial arsenate concentration, pH, silica, vanadium, temperature) and operational regimes (e.g., EBCTs, on-off pump cycling, series versus parallel arrangement); and the effect of competing constituents (i.e., silica, calcium, vanadium, etc.) on arsenic removal. This work also suggests that the use of RSSCTs could be expanded to investigate adsorption of a wide range of inorganic ions (e.g., selenium, chromium, cadmium, perchlorate, vanadium) onto porous metal oxides/hydroxides (e.g., iron, aluminum). In summary, the RSSCT is a cost-effective and rapid tool to select media.
Major costs are involved with operation and maintenance parameters of the system, such as design flow rate, EBCT, pH adjustment, configuration and setup of the system, media change-out frequency, regeneration potential, media handling and disposal, etc. For this water, E33 media was the most cost effective. However, batch tests would not have concluded that E33 was the best choice for this groundwater installation. 
